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 
Abstract–Gel dosimeters are of increasing interest in the field 
of radiation oncology as the only truly three-dimensional 
integrating radiation dosimeter. There are a range of ferrous-
sulphate and polymer gel dosimeters. To be of use, they must be 
water-equivalent. On their own, this relates to their radiological 
properties as determined by their composition. In the context of 
calibration of gel dosimeters, there is the added complexity of the 
calibration geometry; the presence of containment vessels may 
influence the dose absorbed. Five such methods of calibration 
are modelled here using the Monte Carlo method. It is found 
that the Fricke gel best matches water for most of the calibration 
methods, and that the best calibration method involves the use of 
a large tub into which multiple fields of different dose are 
directed. The least accurate calibration method involves the use 
of a long test tube along which a depth dose curve yields multiple 
calibration points. 
 
Index Terms–Gel dosimeter; water equivalence; calibration 
I. INTRODUCTION 
ECENTLY we reported on the systematic variations in 
polymer gel dosimeter calibration that arise from 
container influence for a range of published methodologies 
[1]. Here, we extend the previous study to a much broader 
range of gel dosimeter formulations. 
Relatively new and complex radiotherapy techniques such 
as intensity modulated radiation therapy (IMRT) involve 
zones of high dose gradient in the periphery of the tumor, and 
often in close proximity to organs at risk (OAR). The 
existence of dose contributions from scattered photons 
necessitates accurate knowledge of peripheral doses. 
Conventional dosimeters such as ionization chambers allow 
measurement of absolute dose to high precision at single 
spatial locations, though their finite size can make resolving 
high dose gradient regions difficult [2, 3]. Following 
appropriate calibration, film can provide accurate dose 
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information in a two dimensional (2D) plane, the spatial 
resolution being constrained only by the grain size and 
resolution of the readout device. However, several difficulties 
can arise with the use of films, such as energy dependence, 
orientation of radiochromic films, processing conditions, film 
density variation and inhomogeneities due to air pockets 
inside the film jacket [4, 5]. Attempts to obtain 3D detail by 
stacking radiographic films within a phantom [6] are simple 
methods to obtain 3D dose information, but are limited by the 
geometry of the positioning structure and the loss of tissue-
equivalence. 
Gel dosimetry potentially has the capacity to provide true 
3D dose information for validation of complex dose 
distributions. Gels have been of interest in terms of their 
potential for 3D dose information since the 1950s when dye 
was used in gel to study radiation-induced color changes [7]. 
The ferrous-sulphate (Fricke) solution has been used in 
dosimetry for many decades as a chemical dosimeter [8]; 
widely considered as being reliable, other types of chemical 
dosimeters are often calibrated against a Fricke dosimeter [9]. 
The Fricke solution is an oxygenated aqueous solution of 
ferrous ions, Fe
2+
. When the solution is irradiated, water 
decomposition occurs and subsequent reactions with 
hydrogen peroxide, hydroxyl and hydroperoxy radicals result 
in the conversion of ferrous Fe
2+
 ions to ferric Fe
3+
 ions. The 
ultimate yield of Fe
3+
 ions is dependent on the dose absorbed. 
As a solution no spatial information is provided, however, 
incorporating the Fricke solution into a gel matrix overcomes 
this drawback. Further pathways for the conversion to ferric 
ions exist in this arrangement [10, 11]. In 1984 it was 
proposed that nuclear magnetic resonance (NMR) could be 
used to observe the radiation-induced changes in Fricke gels 
[12] and since then the Fricke gel dosimeter has been widely 
used.  
Polymer type gels involve radiation induced cross-linking 
of constituent monomers distributed uniformly in a gel matrix 
and may be broadly classified as either hypoxic or normoxic 
gels. Belonging to the former category, the polyacrylamide 
gel (PAG) dosimeter contains acrylamide, N,N’-methylene-
bis-acrylamide, gelatine and water. Basically, it is a hydrogel 
in which monomers are dissolved; polymerisation occurs that 
is dependent on the dose absorbed when subject to 
irradiation. The polymeric structures formed affect water 
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molecules, influencing the NMR spin-spin relaxation rate 
(R2), which thus allows three dimensional dose distribution 
maps to be obtained via magnetic resonance imaging [13]. 
This gel has also been widely used for a number of years. 
Various other polymer gel formulations exist; for instance, 
BANG (bis-acrylamide nitrogen gelatine) has been 
commercialized with several formulations, such as BANG-1 
[14] that is made with powdered acrylamide and BANG-2 
[15] that uses acrylic acid as a monomer with sodium 
hydroxide to alter the pH. Overcoming a significant limitation 
of polymer gels, Fong et al developed a normoxic gel 
dosimeter, MAGIC (methacrylic acid, ascorbic acid in 
gelatine initiated by copper), which does not require an 
oxygen-free environment to be prepared [16, 17]. 
It is not the intention of this work to study the fundamental 
radiological properties of gel dosimeters, on which there 
exists a significant amount of literature, such as [18-21]. 
Rather, this study explicitly models all the aforementioned 
gels in a variety of calibration methods so that they may be 
compared directly and, in terms of water equivalence, the 
optimal arrangement may be unambiguously identified. A 
previous study by the same authors [1] investigated these 
methods with polyacrylamide gel (PAG) only. The present 
study answers the question of the combined influence of gel 
composition and calibration geometry on the dose absorbed.  
Accurate measurement of such effects is not feasible and, 
as such, the investigation is highly amenable to Monte Carlo 
dose calculation. The water equivalence of the 
aforementioned gels in five different calibration arrangements 
is modeled here using the Electron Gamma Shower (EGSnrc) 
code V4-2-2-5 [22]. 
II. METHODS 
Monte Carlo radiation transport 
Monte Carlo radiation transport is widely accepted as an 
accurate means of modeling dose distributions, particularly in 
regions of electronic disequilibrium such as interfaces of high 
and low density media. In the field of radiotherapy, EGSnrc is 
extensively used for Monte Carlo calculations, and has found 
to be accurate at the sub-percent level in the context of 
external beam radiotherapy [23, 24]. A step size of 0.25 
(maximum fractional energy loss, ESTEPE) was employed. 
EGSnrc has been shown to produce step-size independent 
results at a sub 0.1 % level even at interfaces of high Z media 
in fine geometries [25, 26]. Here we have employed the 
PRESTA-II electron-step algorithm with the EXACT boundary 
crossing algorithm such that the electron transport will go into 
single-scattering mode within three elastic mean free paths of 
the boundary, giving the necessary accuracy at peak 
efficiency. The radiotherapy beam modeled is a 6 MeV 
endpoint bremsstrahlung spectrum [27]. 
Material composition 
The compositional details for the various media modeled 
are presented in Table 1. The stopping powers for many of 
these materials are available in the data sets in the standard 
EGSnrc package. Where such data was not available, these 
were calculated from National Institute of Standards and 
Technology (NIST, Gaithersburg USA) data [28]. 
 
 
TABLE 1 
DENSITY AND ELEMENTAL COMPOSITION (%) OF MODELLED MEDIA 
Air BANG-1 BANG-2 Fricke MAGIC PAG Perspex Polyethylene Pyrex
Density (g.cm
-3
) 1.204 x 10
-3 1.02 1.03 1.005 1.037 1.02 1.19 0.93 2.23
H 10.7685 10.6369 10.736 10.5473 10.7 8.054 14.37
B 4.0061
C 0.0124 5.6936 5.6728 2 9.2231 4.7 59.98 85.63
N 75.52 2.0063 1.1452 0.67 1.9316 1.7
O 23.18 81.5316 81.7004 85.736 78.8373 82.9 31.96 53.9564
Na 0.5748 0.0021 2.8191
Al 1.1644
Si 37.72
Ar 1.28
S 0.85 0.0003
Cl 0.0033
Cu 0.0005
K 0.332
Fe 0.0026
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Calibration methods 
Gel calibration involves the association of doses in gel at 
certain locations with the known doses to water at equivalent 
locations. In this work we simulate both the doses to water 
and gel under the various calibration conditions, and by 
comparison of the two are thereby able to quantify any 
difference and validate existing calibration practices. Details 
of the calibration methods studied may be found in the 
previous work [1]. Each is based on a published technique of 
gel calibration. In summary, the calibration methods 
investigated are: 
 (i) Method A: The ‘small vial’ technique. In this case a 
small vial is positioned 50 mm deep within a water phantom 
oriented parallel to the beam, irradiated through its base 
(beamspot of 100 mm in diameter). 
(ii) Method B: The ‘large flask’ technique. This involves a 
large Perspex tub of gel in air. Multiple regions within the tub 
are then irradiated to varying doses with small fields [14, 29] 
(beamspot of  40 mm in diameter). 
(iii) Method C: The ‘large perpendicular test tube’ 
technique. This involves a large test tube placed at a depth of 
50 mm below the surface of a water phantom, oriented with 
its axis perpendicular to that of the beam [30, 31] (beamspot 
of 300 mm in diameter).  
(iv) Method D: The ‘short perpendicular test tube’ 
technique. Similar to Method C, this technique uses a shorter, 
narrower test tube [32] (beamspot of 200 mm in diameter). 
 (v) Method E: The ‘long coaxial test tube’ technique. This 
involves a long test tube upright within a water phantom with 
its base at the water surface facing the incident beam [33] 
(beamspot of 50 mm in diameter). 
 
III. RESULTS 
Presentation of results 
For each method of calibration modeled, difference plots 
are provided that show the ratio of the dose in gel to the dose 
in water; this highlights the differences that are the subject of 
the present study (see Figures 1 – 5). The plots given are 
depth dose curves and radial plots that show the range of 
influence of inhomogeneities. In each case Fricke is used as 
the representative gel. For comparison to other gel 
formulations, Tables 2 and 3 quantify the difference between 
calculated dose to water and dose to gel (Dgel – Dwater)/Dwater 
for clinically appropriate volumes. The results in Table 2 are 
also presented graphically in Figure 6. The data presented in 
Tables 2 and 3 are dose values averaged over a small volume, 
so as to reflect clinical practice, where relaxation rates from 
MRI or attenuation coefficients from optical computed 
tomography etc. are volume-averaged at certain locations. 
These voxel values are then associated with the known values 
of dose to water such that a calibration curve can be 
constructed. The results we present here highlight the 
differences between dose to water and dose to gel which thus 
indicates any systematic uncertainty introduced by this 
practice. The low dose ratios observed at locations 
corresponding to the containers are due to the higher density 
of the container materials. 
Method A: Small vial  
Figure 1 (a) shows the ratio of a depth dose curve in Fricke 
gel to a depth dose curve in water. Figure 1 (b) shows the 
ratio of the radial dose distributions of gel and water at a 
depth corresponding to the mid-point of the vial. The abrupt 
drop at a depth of 5 cm corresponds to the glass base of the 
vial (which faces the oncoming beam). Taking an area of 
about 80 mm
2
 around the centre of the vial at its mid-point 
and averaging the voxel values would yield a value lower 
than the dose to water by 0.4 (± 0.2) % for Fricke, the same 
for PAG, 0.7 (± 0.2) % for MAGIC, 0.3 (± 0.2) % for 
BANG-1 and 0.8 (± 0.2) % for BANG-2. 
Method B: Large flask  
Based on the calibration technique outlined by Oldham et 
al [29], we have modeled a large flask with and without a 
nitrogen gap. For greater generality, the results shown in 
Figure 2 correspond to the model with no nitrogen gap (thus 
filled entirely with gel), however other simulations indicate its 
effect (particularly at the point of maximum dose, Dmax) is 
negligible, as shown in Figure 3. Figure 2 (a) shows the ratio 
of depth dose curves in Fricke and in water, corresponding to 
a 2 cm diameter circular field incident on the centre of the 
flask. Figure 2 (b) shows the ratio of the radial distributions in 
Fricke and water at a depth corresponding to Dmax. The 
equivalent information is shown for a large flask of gel with a 
small nitrogen gap in Figures 3 (a) and (b). The dose in the 
build up region is several percent higher in the gel than the 
water, matching to within 1 % between depths of 1 and 2 cm. 
Between 2 cm and 5 cm the calculated dose in gel matches 
water within about 2 %. Taking an area of 80 mm
2
 at Dmax, 
with a voxel thickness of 2 mm, shows the mean dose to 
Fricke is the same as that to water, within an uncertainty of 
about 0.3 %. For PAG this difference is 0.2 (± 0.1) %, for 
MAGIC it is 0.5 (± 0.2) %, for BANG-1 it is 0.1 (± 0.2) % 
and for BANG-2 there is zero difference with an uncertainty 
of about 0.2 %. 
Method C: Large perpendicular test tube 
Figure 4 (a) shows the ratio of the central axis dose profile 
in Fricke gel and in water alone for a 20 cm long test tube 
oriented perpendicular to the beam with its centre at a depth 
of 5 cm within a water phantom. In this case a radial dose 
profile would not yield useful information. The objective of 
this method is to obtain a large number of points (over the 
length of the tube) so as to average the voxel values and 
reduce uncertainty in the corresponding dose value. Taking 
an area of 13 mm
2
 and averaging the values in this way 
(taking care to avoid the ends of the tube) indicates that the 
dose to Fricke is 0.4 (± 0.1) % lower than the dose to water. 
Similarly, the difference for PAG is 0.7 (± 0.1) %, for 
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MAGIC it is 0.9 (± 0.1) %, for BANG-1 it is 0.6 (± 0.1) % 
and for BANG-2 the difference is 0.7 (± 0.1) %. 
Method D: Small perpendicular test tube 
Figure 4 (b) shows the ratio of the central axis dose profile 
in Fricke gel and in water alone for a 10 cm long test tube 
with a diameter of 10 mm, oriented perpendicular to the beam 
with its centre at a depth of 5 cm within a water phantom. 
There is significant statistical noise because of the smaller 
voxel sizes used to define the geometry. Averaging over a 
lateral area of 13 mm
2
 over the length of the tube, the 
difference between dose to Fricke and dose to water is 0.2 (± 
0.2) %. For PAG this difference is 0.4 (± 0.3) %, for MAGIC 
it is 0.3 (± 0.2) %, for BANG-1 it is 0.0 (± 0.2) % and for 
BANG-2 the difference is 0.1 (± 0.2) %. 
Method E: Long coaxial test tube 
Figure 5 (a) shows the ratio of a depth dose curve in Fricke 
gel to a depth dose curve in water alone for a 20 cm long test 
tube the base of which is at the surface of a water phantom, 
oriented parallel to the beam. The radial dose distribution 
varies with depth and the ratio of the radial dose for Fricke 
and water is thus presented at depths of 5, 10 and 15 cm. 
These are shown in Figures 5 (b), (c) and (d) respectively. 
Choosing an area of 80 mm
2
 around the centre of the test tube 
at each of these depths and average the dose values yields 
multiple calibration points, but ones typically increase in 
disparity with the dose to water, as indicated in Table 3. 
 
 
 
 
 
 
 
Figure 2. Ratio of calculated dose to Fricke gel compared to dose in water for Method B: a large 
flask in air. Figure 2 (a) shows the ratio of depth dose curves and Figure 2 (b) shows the ratio of 
radial dose. 
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(b) 
Figure 1. Ratio of calculated dose to Fricke gel compared to dose in water for Method A: a small vial 
at a depth of 5 cm. Figure 1 (a) shows the ratio of depth dose curves and Figure 1 (b) shows the ratio 
of radial dose. Gel-filled regions are shaded for clarity. 
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TABLE 2 
PERCENTAGE DIFFERENCE BETWEEN CALCULATED DOSE TO GEL AND DOSE TO WATER.  
Method A Method B Method C Method D
Diff. (%) s Diff. (%) s Diff. (%) s Diff. (%) s
PAG 0.4 0.2 0.2 0.1 0.7 0.1 0.4 0.3
Fricke 0.4 0.2 0.0 0.3 0.4 0.1 0.2 0.2
MAGIC 0.7 0.2 0.5 0.2 0.9 0.1 0.3 0.2
BANG 1 0.3 0.2 0.1 0.2 0.6 0.1 0.0 0.2
BANG 2 0.8 0.2 0.0 0.2 0.7 0.1 0.1 0.2
Figure 3. Ratio of calculated dose to Fricke gel compared to dose in water for Method B: a large 
flask in air with a Nitrogen gap. Figure 3 (a) shows the ratio of depth dose curves and Figure 3 (b) 
shows the ratio of radial dose. 
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Figure 4. Figure 4 (a) corresponds to Method C, showing the ratio of dose to gel and dose to water 
along the central axis of a large (200 mm long, 20 mm diameter) test tube. Figure 4 (b) corresponds to 
Method D, showing the ratio of dose to gel and dose to water along the central axis of a small (100 mm 
long, 10 mm diameter) test tube. Gel-filled regions are shaded for clarity. 
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TABLE 4 
STATISTICAL DATA FOR EACH CALIBRATION METHOD, ANALYSED BY GEL TYPE. 
Calibration method Diff (%) St. Dev. 95 % CI
Method A (small vial) 0.5 0.2 0.2, 0.8
Method B (large flask) 0.2 0.2 -0.1, 0.4
Method C (large perpendicular test tube) 0.7 0.2 0.4, 0.9
Method D (thin test tube) 0.2 0.2 0.0, 0.4
Figure 5. Figure 5 (a – d) all correspond to Method E, a long test tube coaxial with the beam. The 
ratio of depth dose curves is shown in Figure 5 (a), and the ratio of radial dose distributions are 
shown in Figures 5 (b), (c) and (d) corresponding to depths of 5, 10 and 15 cm respectively. 
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TABLE 3 
DIFFERENCES BETWEEN CALCULATED DOSE TO GEL AND DOSE TO WATER. 
FOR A LONG TEST TUBE COAXIAL WITH THE BEAM (METHOD E). 
Depth in test tube 5 cm 10 cm 15 cm
Gel Diff. (%) s Diff. (%) s Diff. (%) s
PAG 0.7 0.2 1.1 0.3 2.0 0.3
Fricke 0.4 0.2 0.6 0.3 0.8 0.3
MAGIC 0.4 0.2 1.6 0.3 2.2 0.3
BANG 1 0.5 0.3 1.1 0.3 1.0 0.3
BANG 2 0.5 0.2 1.1 0.3 1.0 0.3
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TABLE 5 
STATISTICAL DATA FOR EACH CALIBRATION METHOD, ANALYSED BY CALIBRATION METHOD. 
Gel dosimeter Diff (%) St. Dev. 95 % CI
PAG 0.4 0.2 0.1, 0.8
Fricke 0.3 0.2 -0.1, 0.6
MAGIC 0.6 0.3 0.2, 1.0
BANG-1 0.3 0.3 -0.2, 0.7
BANG-2 0.4 0.4 -0.3, 1.0
Small vial (PAG) 
Small vial (Fricke) 
Small vial (MAGIC) 
Small vial (BANG-1) 
Small vial (BANG-2) 
Large flask (PAG) 
Large flask (Fricke) 
Large flask (MAGIC) 
Large flask (BANG-1) 
Large flask (BANG-2) 
Large perpendicular test tube (PAG) 
Large perpendicular test tube (Fricke) 
Large perpendicular test tube (MAGIC) 
Large perpendicular test tube (BANG-1) 
Large perpendicular test tube (BANG-2) 
Thin test tube (PAG) 
Thin test tube (Fricke) 
Thin test tube (MAGIC) 
Thin test tube (BANG-1) 
Thin test tube (BANG-2) 
Figure 6. Illustrates the percentage difference between dose to gel and dose to water at 95 % 
confidence level. (a) Shows the difference arranged according to method, while (b) shows the 
difference arranged by gel formulation. 
PAG (Small vial) 
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MAGIC (Small vial) 
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MAGIC (Large flask) 
BANG-1 (Small vial) 
BANG-1 (Large perpendicular test tube) 
BANG-1 (Thin test tube) 
BANG-1 (Large flask) 
BANG-2 (Small vial) 
BANG-2 (Large perpendicular test tube) 
BANG-2 (Thin test tube) 
BANG-2 (Large flask) 
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Dose difference (%)
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IV. DISCUSSION 
It is clear that the majority of calibration methods 
evaluated in the present study, provided they are performed in 
a precise manner, accurately reflect the dose given to water 
within the 1 % uncertainty limit typically specified in the 
context of radiotherapy. For all methods excepting the long 
coaxial test tube, the 95 % confidence interval for the 
percentage difference between the calculated dose to gel and 
the dose to water is contained in the interval [-1.0 %, 1.0 %]. 
While results for different methods and different materials 
are not necessarily from consistent distributions, it is useful to 
impose some statistical analysis of the data. Nine analyses 
were undertaken as shown in Tables 4 and 5 considering each 
calibration method and gel material individually. Note that 
although the data are only reported to one significant figure, 
confidence intervals were calculated exactly prior to 
rounding. In all cases the distribution was consistent with a 
normal distribution. 
For the calibration methods, the mean is significantly 
different to zero at the 95 % confidence level for 3 methods, 
but the 95 % confidence interval spans zero for the large flask 
method. For the different gel materials, the PAG and MAGIC 
gels gave results significantly different to zero at the 95% 
confidence level, while the other 3 did not. In all 5 cases the 
confidence interval was [-1.0 %, 1.0 %]. 
For all the combinations of gel type and calibration 
geometry, the various differences lie a large number of 
standard deviations from -1 %, and the probability that a 
difference will occur beyond this is negligible. Applying a 
normal distribution, the probability that a random occurrence 
of the difference lies beyond 1 % is less than 1 % for the vast 
majority of the arrangements. The exceptions are MAGIC and 
BANG-2 in Method A, MAGIC in Method C and PAG in 
Method D, for which the probability of the difference 
exceeding 1 % is 7 %, 16 %, 16 % and 2 % respectively. 
Users of those combinations of gel and geometry yielding 
the possibility of >1 % dose differences should consider 
incorporating these differences into calibration correction 
factors. Method E (a long test tube coaxial with the beam) 
exhibits results quite different to the other techniques. As 
shown in Table 3, differences between dose to gel and dose to 
water begin within 1 % at one sigma at a depth of 5 cm, and 
increase with depth to up to 2.2 % at 15 cm. This is due to the 
cumulative effect of the different attenuating properties over 
the relatively long path length in gel. Readers may employ the 
data presented here to help influence their choice of 
calibration technique, by preferentially considering those 
which exhibit the least difference to water. 
As shown in Tables 2 and 3, broadly, the Fricke 
formulation exhibits the least difference with water. For most 
of the calibration methods studied, the influence of the 
container on the dose to gel is small, so long as measurements 
are taken at specific points. The radial dose plots indicate that 
the dose varies laterally. The magnitude of the disparity is 
influenced by the volume over which the dose is averaged. 
Knowledge of the radial distributions as presented in this 
work makes it possible to minimize the error introduced. The 
volume may be chosen such that build-up effects and the low 
dose regions caused by attenuation may compensate for one 
another. The small vial technique is sometimes performed so 
that multiple vials are irradiated simultaneously in an array, 
so as to reduce total beam time. The radial plots indicate the 
closest proximity a neighboring vial may be placed such that 
the cross-talk is minimized. 
The trend associated with the different methods can be 
readily seen from Figure 6. Ranking the methods in terms of 
increasing disparity, it is clear that Method B using a large 
flask is the optimal technique. In terms of set-up, this method 
is also likely to be more straightforward than the other 
techniques. The presence of a small nitrogen pocket has a 
negligible effect on the measurement at Dmax. It is the least 
difficult to position for both irradiation and subsequent 
measurement. All other techniques shown here involve 
vessels of gel submerged in a water phantom, which likely 
involve more complex positioning structures and so forth 
given the necessity for accurate localization. The next best 
method is the small test tube placed perpendicular to the 
beam at a depth of 5 cm within a water phantom (Method D). 
After this, a small vial, coaxial with the beam, placed 5 cm 
deep within a water phantom where the dose gradient is 
relatively linear (Method A). Exhibiting a slightly greater 
difference is the method involving a large test tube 
perpendicular to the beam at a depth of 5 cm (Method C). 
The technique resulting in doses to gel least close to that of 
water is the method whereby a long test tube is placed at the 
surface of a water phantom coaxial with the beam, such that a 
dose distribution is achieved along its length (Method E). 
V. CONCLUSION 
We have employed Monte Carlo radiation transport 
modeling to evaluate the water equivalence of five different 
gel formulations under varying conditions corresponding to 
five different methods of calibration. Generally, BANG-1 and 
Fricke are the most water equivalent gel formulations and the 
‘large flask’ and ‘small vial’ methods exhibit the smallest 
differences.  
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